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a b s t r a c t
The expression pattern of Onecut genes in the central and peripheral nervous systems is highly
conserved in invertebrates and vertebrates but the regulatory networks in which they are involved
are still largely unknown. The presence of three gene copies in vertebrates has revealed the functional
roles of the Onecut genes in liver, pancreas and some populations of motor neurons. Urochordates have
only one Onecut gene and are the closest living relatives of vertebrates and thus represent a good model
system to understand its regulatory network and involvement in nervous system formation. In order to
deﬁne the Onecut genetic cascade, we extensively characterized the Onecut upstream cis-regulatory DNA
in the ascidian Ciona intestinalis. Electroporation experiments using a 2.5 kb genomic fragment and of a
series of deletion constructs identiﬁed a small region of 262 bp able to reproduce most of the Onecut
expression proﬁle during embryonic development. Further analyses, both bioinformatic and in vivo using
transient transgenes, permitted the identiﬁcation of transcription factors responsible for Onecut
endogenous expression. We provide evidence that Neurogenin is a direct activator of Onecut and that
an autoregulatory loop is responsible for the maintenance of its expression. Furthermore, for the ﬁrst
time we propose the existence of a direct connection among Neurogenin, Onecut and Rx transcription
factors in photoreceptor cell formation.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Onecut is a transcription factor belonging to the class of homeo-
proteins containing a Cut domain. This domain, consisting of about
70 amino acid residues, was discovered in Drosophila (Johnston
et al., 1998) and has properties very different from classical home-
odomains, attributable to the sequence divergence at the level of the
third helix responsible for DNA binding (Catt et al., 1999; Iyaguchi
et al., 2006; Lannoy et al., 1998; Lemaigre et al., 1996). Onecut
proteins have been identiﬁed in both invertebrates and vertebrates
where different numbers of gene copies have been isolated. In
particular, except for Caenorhabditis elegans (Burglin and Cassata,
2002; Lannoy et al., 1998), a single gene copy is present in almost all
invertebrates and lower chordates, for example the fruit ﬂy Droso-
phila melanogaster (Nguyen et al., 2000), the sea urchin Strongylocen-
trotus purpuratus (Otim et al., 2004; Poustka et al., 2004) and the
ascidian Ciona intestinalis (http://www.aniseed.cnrs.fr, D’Aniello et al.,
2011). During chordate evolution this gene duplicated, leading to the
presence of three homologs (OC1/HNF6, OC2 and OC3) in vertebrates
(humans: (Jacquemin et al., 2001); mice (Vanhorenbeeck et al.,
2002); zebraﬁsh Danio rerio (Matthews et al., 2004)). This gene
family encodes highly conserved transcription factors, acting as key
regulators in multiple developmental processes involved in cell
differentiation and morphogenesis.
In invertebrates Onecut is predominantly expressed in the
nervous system. In D. melanogaster it has been demonstrated that
D-Onecut has a direct role in the central and peripheral nervous
systems and also in the formation of photoreceptors (Nguyen
et al., 2000). Initially D-Onecutwas isolated as a potential regulator
of the gene coding for the rhodopsin in the photoreceptor cells
(R) suggesting its involvement in the regulation of R cell differ-
entiation during the ﬁnal stages of development of the eye. The
overexpression of a dominant negative form of D-Onecut speciﬁ-
cally interferes with R cell differentiation in the eye, but not with
the determination of their cell fate (Nguyen et al., 2000).
Five Onecut genes have been characterized in C. elegans,
but their functions in vivo are unknown (Lannoy et al., 1998).
The Ceh-21 and Ceh-39 factors are able to recognize the same
binding site as vertebrate OC1/HNF-6, suggesting that these factors
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may play a similar role to that of OC1/HNF-6 in mammals. Another
peculiar gene is Ceh-38, which is expressed in different tissues
during development, particularly in the endoderm derivatives and
in some types of neurons, similar to the Onecut genes in mammals
(Cassata et al., 1998).
In the sea urchin S. purpuratus, Sphnf6 is a maternal transcript
that is distributed in a uniform manner until gastrulation, and is
required for the activation of genes involved in the differentiation
of primary mesenchyme cells (PMC). After gastrulation Sphnf6
participates in the regulation of ectodermal oral genes and in the
formation of the neural ciliate band. The formation of the oral
ectoderm and of the ciliate band are abnormal in the absence of
the Sphnf6 factor (Otim et al., 2004).
A single Onecut gene has been identiﬁed in Urochordates. In
two ascidian species, Halocynthia roretzi and C. intestinalis, the
spatial–temporal expression proﬁle of the OC1/HNF-6 gene coding
for a Onecut protein was deﬁned. The expression of this gene
begins at neurula stage and is localized in various regions of the
central nervous system (CNS) until the tailbud stage and, in
particular, in the sensory vesicle, visceral ganglion and some cells
of the posterior nerve cord (http://www.aniseed.cnrs.fr, D’Aniello
et al., 2011; Sasakura and Makabe, 2001). The role of Onecut as a
transcriptional regulator has been partly described in H. roretzi,
where the OC1/HNF-6 protein is responsible for the restriction
of Pax258 gene expression in the regionalization of the neural
tube (Sasakura and Makabe, 2001), although it is still unknown if
OC1/HNF-6 directly controls Pax258 regulatory elements or acts
via other intermediate genes.
Recent studies also demonstrate a functional connection
between Onecut and Rx genes during the development of photo-
sensitive structures. Double in situ hybridizations and transgenic
experiments demonstrated that in C. intestinalis Onecut recognizes
two Rx regulatory elements and functions as a direct activator of
Rx gene expression in photoreceptor cells (D’Aniello et al., 2011).
During vertebrate evolution this gene duplicated and acquired new
functions. The involvement of the vertebrate Onecut genes in the
formation of endoderm derivatives and of various structures of the
nervous system is indicated by their expression proﬁles and by their
mutant phenotypes. In adult mice the OC1/HNF-6 and OC3 genes show
common and speciﬁc territories of expression. They are both
expressed in the brain, but OC1/HNF-6 is also speciﬁcally present in
liver and pancreas while OC3 in intestine and stomach. Furthermore,
the expression of OC1/HNF-6 in liver and pancreas also overlaps with
that of OC2, although these two transcription factors control different
target genes (Jacquemin et al., 1999; Vanhorenbeeck et al., 2002).
Single or double mutant mice for OC1/HNF-6 and OC2 evidenced
morphogenetic alterations during the development of the liver and
pancreas (Clotman et al., 2005; Simion et al., 2010).
Concerning the neural expression of these genes it is notable
that OC1/HNF-6 is expressed in the brain and different areas of the
central nervous system, while OC2 and OC3 are expressed only in
the brain (Rausa et al., 1997). Despite this broad neural expression,
gene inactivation experiments in mice did not show evident
alterations in the formation of the nervous system. Experiments
performed on mice mutants for OC1/HNF-6 and/or OC2 indicate
that they control a genetic program for motor neuron differentia-
tion. Onecut factors directly control Isl1 gene expression in speciﬁc
motor neuron subpopulations (Roy et al., 2012), coordinates the
formation of hindlimb neuromuscular junctions (Audouard et al.,
2012) and, in particular, the organization of the Purkinje cells of
the cerebellum (Audouard et al., 2013). It has been recently
demonstrated in mouse that OC1/HNF-6 and OC2 have very
similar expression patterns throughout retinal development and
they may regulate the formation of retinal ganglion cells (RGCs)
and also have a function in the genesis and maintenance of
horizontal cells (Wu et al., 2012).
In humans, Onecut-2 (hOC-2) is expressed in melanocytes and
regulates the MITF gene (Microphthalmia-associated transcription
factor), which encodes a transcription factor essential for the
differentiation of melanocytes (Jacquemin et al., 2001).
Among the three Onecut genes identiﬁed in zebraﬁsh there is a
neural Onecut member speciﬁcally expressed only in neural cells
that shows a highly dynamic expression in primary neurons of the
brain and spinal cord during embryogenesis (Hong et al., 2002).
It would therefore appear that in the course of evolution, the
expression proﬁle of OC1/HNF6 has been progressively extended to
new regions, indicating a possible extension of the functions of
this factor. Its wide areas of expression, including the nervous
system and territories arising from the endoderm, clearly indicate
that this factor plays a key role in embryonic development. The
tight cooperation existing among the three gene copies is sug-
gested not only by their partly overlapping territories of expres-
sion but also by the cross-regulatory loop between OC1/HNF-6 and
OC3. OC1/HNF-6 expression in mice is required for the activation
of its ortholog OC3 (Pierreux et al., 2004). Unfortunately, Onecut
factor co-expression represents a complication in terms of eluci-
dating their speciﬁc functions and individual gene regulatory
networks.
Urochordates occupy a key position in the evolutionary tree.
They are located at the base of vertebrate origin before the wide
genome duplication typical of vertebrates.
C. intestinalis may therefore represent a good model system to
understand the Onecut genetic pathway and the function of this
gene in neural development, avoiding the problem of masked gene
function due to the presence of more than one gene copy. The
identiﬁcation of transcription factors responsible for its activation
could greatly contribute to understanding Onecut gene regulation
in more complex organisms.
Here we describe the analysis of a 2.6 kb non-coding sequence
upstream of the Ciona Onecut gene. Using deletion analysis we
identiﬁed a 262 bp region (935 to 674 bp) able to recapitulate
the Onecut endogenous expression pattern in transient transgenic
embryos. Bioinformatic analysis indicated that there are putative
Neurogenin and HNF-6/Onecut binding sites within this region of
the promoter. We go on to provide evidence that Neurogenin is
directly involved in Onecut activation and maintenance in vivo and
that, by an autoregulatory loop, Onecut itself maintains its
expression.
Our results illustrate the involvement of Neurogenin, Onecut and Rx
in the same regulatory network controlling central nervous system
development and in particular photoreceptor cell formation.
Materials and methods
Animals and embryos
Adult C. intestinalis was collected from the Gulf of Naples, Italy.
Gametes were collected from the gonoducts of several animals and
used for in vitro fertilization. Animal handling and transgenesis via
electroporation have been carried out as previously described
(D’Aniello et al., 2011).
Construct preparation
pBlueScript II KS 1230 (gift of R. Krumlauf, Stowers Institute,
Kansas City, USA), which contains the LacZ reporter gene and SV40
polyadenylation sequence with the human β-globin basal promoter,
was used for all the constructs containing the Onecut promoter
fragments. All fragments were obtained by PCR using speciﬁc primers
designed using sequence information from the C. intestinalis genome
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(http://genome.jgi-psf.org/ciona4/ciona4.home.html), containing ﬂan-
king KpnI and XhoI restriction sites at the 50 and 30 end, respectively,
(Table S1) and inserted into the pBlueScript 1230 in the 50–30
orientation upstream of the LacZ reporter gene, previously digested
with the same enzymes.
The K fragment was ampliﬁed from genomic DNA and all the
other fragments (from D to Fh) were ampliﬁed from the K-LacZ
plasmid.
In silico analysis for putative trans-acting factors
The Fg sequence was submitted to MatInspector software of the
Genomatix Database (http://www.genomatix.de/cgi-bin/eldorado.
main.pl, Cartharius et al., 2005). Expression proﬁles of all the TFs
were analyzed on Aniseed Database, which offers a representation
of ascidian in situ expression and embryological data (http://www.
aniseed.cnrs.fr/). Only TFs showing similar Onecut expression have
been taken into consideration.
Mutagenized Fg–LacZ constructs
The FG(NgnMut), FG(OCaMut), FG(OCbMut), FG(Ngn–OCaMut),
FG(Ngn–OCbMut), FG(OCa–OCbMut) and FG(Ngn–OCa–OCbMut)
constructs were prepared by site-directed mutagenesis from the
Fg–LacZ construct (called FG), with the Quik Change Site-Directed
Mutagenesis Kit (Stratagene). The putative Neurogenin and Onecut
binding sites were replaced by a sequence that reduced the
binding afﬁnity by using the mutagenic oligonucleotides listed in
Table S2.
Isolation of Onecut and Neurogenin cDNA
The full-length cDNA of Onecut has been ampliﬁed by PCR
using template cDNA derived from mRNA poly (A)þ isolated from
tailbud stage of C. intestinalis, as previously described (D’Aniello
et al., 2011). The full-length cDNA sequence of Neurogenin was
found in Aniseed database (http://www.aniseed.cnrs.fr/):
cien83880 (Gateway Gene Collection ID:VES83_M13) and ampli-
ﬁed by PCR. The oligonucleotides were designed overlapping the
ATG start codon (Ngn Up) and overlapping the stop codon (Ngn
Down) and containing ﬂanking BamHI and MluI, or NheI and
SpeI restriction sites at the 50 and 30 end, respectively (Table S2).
The full-length Neurogenin PCR fragments were cloned in the
pCRsII-TOPO vector (Invitrogen) and sequenced.
Preparation of co-electroporation constructs
The pBra–Onecut construct was prepared as previously described
(D’Aniello et al., 2011). The pBra–Neurogenin construct was prepared
by excising the Neurogenin CDS contained in the pCRsII vector
through digestion with BamHI and MluI restriction enzymes, and
cloning it in the pBS/pBra700/SV40 construct (gift of Dr. A. Spagnuolo,
Stazione Zoologica A. Dohrn, Napoli, Italy) previously digested with
the same enzymes. The Etr–Ngn–VP16 and Etr–Ngn–WRPW con-
structs were prepared by excising the Neurogenin CDS contained in
the pCRsII vector through digestion with NheI and SpeI restriction
enzymes and replacing the Onecut coding sequence in the Etr–OC–
VP16 and Etr–OC–WRPW, as previously described (D’Aniello et al.,
2011). The Etr–GFP construct, used as control, was prepared as
previously described (D’Aniello et al., 2011).
Histochemical detection of β-galactosidase activity
Transgene expression was visualized by histochemical detection
of β-galactosidase activity.
The embryos were ﬁxed in 1% glutaraldehyde in MFSW for
15 min at RT, washed twice in 1 PBS and stained at 37 1C in a
solution containing 3 mM K3Fe(CN)6, 3 mM K4Fe(CN)6, 1 mM
MgCl2, 0.1% Tween 20, and 250 μg/ml X-gal in 1x PBS, for the
time needed for the staining reaction to reach sufﬁcient intensity.
Then, embryos were washed in 1x PBS, mounted on slides and
observed with a Zeiss Axio Image M1 microscope. Experiments
were performed in triplicate, comparing at least 100 embryos for
each single electroporated construct.
The results of each experiment are represented by four squares
of different colors, indicating the different territories in which the
reporter gene is expressed. A percentage value is used to indicate
the number of embryos showing reporter gene expression (posi-
tive embryos). Among the total positive embryos, penetrance
value of the LacZ reporter gene is indicated by different square
representations: the fully colored square indicates that all positive
embryos show LacZ expression in the corresponding territory,
while the square containing a colored dot indicates that less than
50% (o50%) of positive embryos show LacZ expression in the
corresponding territory.
Whole-mount in situ hybridization
Single and double whole mount in situ hybridization was
carried out as previously described (Christiaen et al., 2009).
The Onecut and Neurogenin corresponding RNA probes were
obtained from the cDNA clones contained in the Ciona genomic
database (http://genome.jgi-psf.org/Cioin2/Cioin2.home.html):
citb2e10 (N. Satoh Gene Collection 1 ID:R1CiGC28b16) and citb8o8
(N. Satoh Gene Collection 1 ID:R1CiGC29n04), respectively.
A Zeiss Axio Imager M1 was used for embryo image capture.
Confocal images were taken with a Zeiss LSM 510 META confocal
microscope. The RNA probe for LacZ was obtained from the cDNA
clone contained in the pBlueScript II KS 1230, as previously
described.
Results
We recently identiﬁed the Onecut gene (OC) as the transcrip-
tional activator of the Rx gene. Onecut is able to speciﬁcally bind
two Rx regulatory elements located from 480 to 487 bp and
527 to 534 upstream of the coding sequence and to activate its
expression in ocellus and photoreceptor cell precursors (D’Aniello
et al., 2011). In order to characterize the regulatory pathway in
which these two genes are implicated, we analyze the Onecut gene
and identify the transcription factor(s) responsible for its tissue
speciﬁc expression in the nervous system.
Onecut expression during embryonic development
The Ciona Onecut gene sequence was identiﬁed by comparing
the Onecut nucleotide sequence of the ascidia H. roretzi (HrHNF-6)
(A.N AB046937) with the genome sequence of C. intestinalis
(http://genome.jgi-psf.org/ciona4/ciona4.home.htlm). The com-
plete cDNA clone (2130 bp) was then obtained by PCR ampliﬁca-
tion of cDNA from embryos at the tailbud stage. To characterize
spatial and temporal expression proﬁles during embryonic devel-
opment, in situ hybridization experiments were carried out on
embryos from the 110-cell to larva stages.
As shown in Fig. S1 of the Supplementary material, no signal
was detected in embryos at the 110-cell stage (A); the expression
of Onecut starts at the late gastrula stage along the antero-
posterior axis of the neural plate (B). In particular, the signal is
localized in four cells in the most anterior region of the neural
plate, that will give rise to the sensory vesicle (red arrow), and into
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two pairs of bilateral cells, arranged in two rows along the neural
folds in the posterior half of the developing nervous system (black
arrows). Among these cells, Onecut expression seems to be
stronger in the ﬁrst pair of cells representing precursors of the
visceral ganglion. At neurula and early tailbud stages (C, D) the
transcript continues to be present in the same territories observed
in the previous stage, although the signal in the most anterior part
of the neural plate becomes wider and more intense (red arrow).
At middle tailbud stage (E, F), Onecut is expressed in the anterior
part of the developing nervous system, at level of the future
sensory vesicle (red arrow) and in four cells positioned in the
central part and arranged along the neural folds, at level of the
visceral ganglion precursors (black arrow). Prolonging staining
time of the in situ hybridization experiments resulted in the
detection of a signal in the posterior part of the tail (white arrow).
This signal seems to be localized at level of the dorsal nerve cord.
At larva stage (G), Onecut expression is restricted in the posterior-
most part of the sensory vesicle, in an area that surround the
ocellus (red arrow), at the level of the visceral ganglion (black
arrow), and a faint signal is also detected in the tail nerve cord
(white arrow).
Onecut promoter analysis
Ascidians have a very compact genome, in which the majority of
minimal promoters are located less than 3 kb upstream of the
transcription start site. In order to identify the trans-acting factors
responsible for Onecut activation, we analyzed the cis-regulatory
region of this gene. To isolate the regulatory sequence able to activate
Onecut tissue speciﬁc expression, a 2.6 kb genomic fragment
(named K, Fig. 1A) extending from the position 2590 to 4
upstream of the translation start site was isolated by PCR ampliﬁca-
tion from genomic DNA. The obtained fragment was cloned into the
pBluescript II KS 1230 vector (construct K) and assayed by electro-
poration experiments in fertilized Ciona eggs. The expression analysis
of the reporter gene showed that the construct K is able to activate,
in 96% of analyzed embryos, the expression of the LacZ reporter gene
in the same territories of the endogenous Onecut transcript, from
neurula to larva stage. At neurula stage the LacZ expression has been
detected by in situ hybridization in some cells of the anterior neural
plate and in two pairs of bilateral cells localized in the posterior half
of the developing neural plate (Fig. 2A). Comparing this result with
the Onecut endogenous proﬁle it can be noticed that LacZ reproduces
its endogenous expression with the exception of a few cells of the
most anterior part of the neural plate (Fig. 2A and B). (The staining
reaction was also extended in time in order to encouraging the
appearance of any signal in this territory but without any success). At
early tailbud stage the same precursors of the visceral ganglion and
more posterior nervous system continue to be labeled. At this stage a
signal starts to appear in the cells of the future sensory vesicle.
Comparing this result with the Onecut endogenous proﬁle, these cells
seems to correspond to the more posterior ones that express
endogenous Onecut, while no signal is visible in the more anterior
precursors of the sensory vesicle (Fig. 2C and D). At middle tailbud
stage the LacZ expression in the sensory vesicle becomes very similar
to the endogenous Onecut gene, since the signal visible in the future
sensory vesicle seems to correspond to the three cells in the anterior
part of the nervous system expressing the endogenous Onecut
(Fig. 2E and F). At this stage K construct continues to be active in
the precursors of the visceral ganglion and a more posterior signal
appears in the tail, at level of the epidermis which also seems to
affect the neural tube (Fig. 2E). In the larvae the LacZ gene is
expressed at level of the sensory vesicle around the ocellus, in the
visceral ganglion and in the tail (Fig. 2G). These results indicate the
absence of the enhancer element(s) responsible for Onecut early
activation in the more anterior sensory vesicle precursors at neurula
stage in the K regulatory region. As shown in Fig. 2E-H starting from
middle tailbud stage the K construct becomes able to fully reproduce
the Onecut endogenous expression pattern (represented by fully
colored square in Figs. 1A and B). To better deﬁne the regulatory
elements of Onecut present in this 2.6 kb DNA fragment, a deletion
analysis was performed and each construct was tested through
experiments of electroporation in Ciona fertilized eggs, repeated in
triplicate in order to give a reliably statistical value to the obtained
results. In each experiment, Ciona embryos electroporated with the K
construct were used as control and all the obtained fragments were
analyzed for their capability to drive the reporter gene expression in
the Onecut endogenous territories from neurula to larva stage; here
we report results obtained at tailbud and larva stages.
The K fragment has been divided into three smaller and
overlapping fragments denominated D (Fig. 1A), extending from the
position 2590 to 1740, E (Fig. 1A), extending from 1814 to
1293 and V (Fig. 1A), from 1377 to 4. The LacZ reporter gene
expression was tested to assess the ability of these genomic fragments
to recapitulate the Onecut endogenous expression proﬁle.
The D and E fragments were not able to activate any speciﬁc
expression of the reporter gene (Fig. 1B). The expression of the
E construct was observed only ectopically in the mesenchyme,
from neurula to larva stage (Fig. 1B); in Ciona it happens frequently
that genomic fragments are activated in a nonspeciﬁc manner in
this tissue. Only the V construct was able to completely reproduce,
in 95% of analyzed embryos, the K construct expression from
neurula to larva stage (Figs. 1B and 2I and J).
These results indicate the presence of multiple co-operating
elements capable of directing speciﬁc Onecut gene expression in
the V fragment. Therefore, to more precisely deﬁne the enhancer
sequences responsible for Onecut expression during embryonic
development, the region contained in the V construct was further
divided into the A, B, C, F, G, H, I and L partially overlapping
fragments (Fig. 1A). Both at late tailbud and larva stages the A and
C fragments were not able to direct any speciﬁc expression of the
reporter gene, but were active only in the ectopic mesenchyme.
85% of embryos electroporated with the B construct showed LacZ
expression in the sensory vesicle, visceral ganglion and ectopically
in mesenchyme (fully colored squares in Figs. 1B and 2K and L).
Less than 50% of these positive embryos showed a signal in the
tail, at both tailbud and larva stages (squares with a dot in Fig. 1B).
The F construct, formed by a fragment of 311 bp, was able to
reproduce the K fragment activity from neurula to larva stage
(Figs. 1B and 2M and N).
The G, H, I and L constructs did not show any interesting or
speciﬁc result: in all analyzed embryonic stages a non speciﬁc
signal was present only at level of mesenchyme (Fig. 1B).
Identiﬁcation of a Onecut speciﬁc enhancer
The Onecut regulatory sequence contained in the F construct was
the only one able to activate the expression of the LacZ gene in the
same regions of the endogenous transcript (Figs. 1A and B and 2M
and N). To isolate the minimal enhancer sequence(s) responsible for
Onecut activation, this fragment was divided into smaller Fa, Fb, Fc,
Fd, Fg and Fh fragments (Fig. 3A). Each construct was tested through
experiments of electroporation in Ciona fertilized eggs, repeated in
triplicate in order to give a reliably statistical value to the obtained
results. In each experiment Ciona embryos electroporated with the F
construct were used as control and the obtained results refer to
embryos at tailbud and larva stage.
The FG construct, containing the Fg fragment of 262 bp, extending
from position 935 to 674 upstream of the transcription start site of
Onecut resulted in the expected expression domains in 90% of the
transgenic embryos (Fig. 3A–D). The reporter gene expression was
observed
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in the sensory vesicle, in particular in the area around the ocellus,
in the visceral ganglion, in the tail and also ectopically in the
mesenchyme both at tailbud and larva stages (Fig. 3C and D).
70% of embryos electroporated with the FA construct, contain-
ing the fragment extending from position 935 to 731
upstream of the transcription start site of the Onecut gene, showed
a partial expression of the LacZ reporter gene in the sensory vesicle
around the ocellus, in the visceral ganglion and in the posterior
part of the tail (Fig. 3A, B, E, and F). Less than 50% of the positive
embryos showed full penetrance of the LacZ expression in all the
territories.
The Fb fragment extending from position 731 to 625 bp was
able to activate the expression of the reporter gene in ectopic
mesenchyme in 67% of observed embryos (Fig. 3A and B). The Fc
and Fd fragments, extending from position 935 to 834 bp and
from 833 to 731 bp respectively, did not show any speciﬁc or
ectopic expression of the reporter gene (Fig. 3A and B). 73% of
transgenic embryos electroporated with the FH construct, containing
the sequence extending from position 833 to 674 bp, showed
expression of the reporter gene only in ectopic mesenchymewhile the
remaining 27%, did not show any signal at all (Fig. 3A and B).
In conclusion, this deletion analysis permitted the identiﬁca-
tion of the Fg fragment as the only sequence able to activate
tissue-speciﬁc expression of the Onecut gene.
In order to identify possible trans-acting factors able to recognize
and activate the Fg sequence, we used the Genomatix professional
database of vertebrate TFs (http://www.genomatix.de/). Among
transcription factors obtained we ﬁrst took into account only those
which had a score480. A perfect match to the matrix gets a score of
1.00 (each sequence position corresponds to the highest conserved
nucleotide at that position in the matrix), a “good” match to the
matrix usually has a similarity40.80. Among those with the highest
score we selected the ones that had territories of expression similar
to those of Onecut. For our investigation we have used Aniseed, a
database designed to offer a representation of ascidian embryonic
development at the level of the genome (cis-regulatory sequences,
spatial gene expression, protein annotation), of the cell (cell shapes,
lineage) or of the whole embryo (anatomy, morphogenesis) (http://
www.aniseed.cnrs.fr/). A total of 77 matches were found from the in
silico analysis, including binding sites for basic Helix-Loop-Helix
(bHLH) proteins and homeodomain-containing proteins. Most
of the putative factors binding the Fg sequence showed territories
of expression arising from the endoderm. Among the factors of
greatest interest expressed in the “right place” and at “right time”,
we selected for our study Neurogenin (Ngn), a proneural basic Helix-
Loop-Helix (bHLH) protein, and the homeobox OC1/HNF-6
(Onecut, OC).
In particular, the Fg sequence contained one Neurogenin site, with
a score of 0.92, extending from position 835 to 847 bp upstream
of the transcription start site of the Onecut gene and two consensus
sequences for Onecut: the ﬁrst one (OCa) with a score of 0.85,
extending from 730 to 746 bp, and the second one (OCb) with a
score of 0.87, extending from 689 to 705 bp (Fig. S2A).
Since the family of HLH proteins is very extensive and these
factors recognize very similar target sequences, we found that the
putative binding site for Neurogenin can also be recognized by
other HLH factors, such as Mafb/1, Tcf3 and Atonal. These factors
have been discarded because their expression proﬁles are not
coincident with that of Onecut. Mafb is expressed in muscle and
mesenchyme, Atonal in the larvae epidermal neurons, and Tcf3 in
the whole embryo. The decision to consider these factors is
obvious for Onecut and interesting for Neurogenin. Neurogenins
are key regulators of neurogenesis even if their function is still not
well understood and their primary targets have not been deﬁned.
In Ciona just one Neurogenin gene was found, that shows terri-
tories of expression very similar to those of Onecut. A very
interesting data, reported on Aniseed, indicates that morpholino
experiments against Neurogenin in Ciona cause a loss of Onecut
Fig. 1. Diagram of the transgenic constructs from K to L. (A) Schematic representation of the regulatory sequences assayed by electroporation (black bars). LacZ reporter gene
is represented by a blue box. Checkered box indicates the human β-globin basal promoter. (B) Representation of the results observed in electroporated embryos at tailbud
and larva stages. The number of positive embryos showing reporter gene expression is indicated by a percentage value. Empty squares indicate absence of any signal. Full
colored squares indicate that all the positive embryos show LacZ expression in the corresponding territory. Squares with a colored dot indicate that less than 50% of the
positive embryos show LacZ expression in the corresponding territory. e (green), ectopic mesenchyme; sv (red), sensory vesicle; t (yellow), tail; vg (violet), visceral ganglion.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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gene expression in the visceral ganglion, particularly in the A10.57,
A11.117 and A11.118 cholinergic cells (Imai et al., 2009). Taken
together, these data led us to consider this factor as a putative
candidate in the cascade of activation of the Onecut gene.
Comparison of Onecut and Neurogenin expression
In order to establish if Neurogenin could be a possible regulator
of Onecut expression, we ﬁrst of all investigated their co-localization
in the same territories during embryonic development. We per-
formed double whole mount in situ experiments from gastrula,
when Onecut is not yet expressed, to larva stages (Figs. 4 and 5).
At gastrula stage (4D) Neurogenin expression is restricted to the
lateral-most-A-line neural blastomeres, the A8.16 cells pair which
will give origin to the visceral ganglion and the caudal nerve cord
(Fig. 4B, white arrowheads), while no Onecut expression is observed
at this stage (Fig. 4A).
At late gastrula stage (4H) Neurogenin expression continues to
be detected in the A9.32 cells pair (Fig. 4F, white arrowheads),
descendant of the A8.16, and begins to appear in two bilateral cells
of the anterior neural plate, which will give rise to part of the
sensory vesicle (Fig. 4F, green arrowheads). At this stage, Neuro-
genin is also detected in the posterior part of the embryo at level of
the neural tube and in the tail epidermal neuron precursors
(Fig. 4F, blue arrowheads).
At the same stage it is possible to detect Onecut expression in the
most anterior neural plate rows, corresponding to the brain precursors
(Fig. 4E, green arrowhead) and a new signal appears in the visceral
ganglion precursors, in the same cells expressing Neurogenin (Fig. 4F,
white arrowheads). At neurula stage (4L) Onecut is expressed in the
tail neurons (Fig. 4I, blue arrowheads) and in the visceral ganglion
Fig. 2. LacZ expression driven by the K–F Onecut regulatory sequences. (A–H) LacZ reporter gene expression in the nervous system of embryos driven by the K construct
(A, C, E, G) compared to the endogenous Onecut expression proﬁle on wild type embryos (B, D, F, H) at neurula (A, B), early tailbud (C, D), middle tailbud (E, F) and larva stages
(G, H). K construct is able to recapitulate the Onecut endogenous expression pattern frommiddle tailbud to larva stages. At the neurula stage the Onecut gene is expressed in the
more anterior precursors of the sensory vesicle where the LacZ reporter gene is not detected (A–B, red arrowheads). (I–J) LacZ expression in the nervous system driven by the V
construct at tailbud (I) and larva (J) stages. (K-L) LacZ expression in the nervous system driven by the B construct at tailbud (K) and larva (L) stages. (M–N) LacZ expression in the
nervous system driven by the F construct at tailbud (M) and larva (N) stages. Anterior is on the left and, except for the lateral view of the embryo in H, all the others are a dorso-
lateral view. Red arrow indicates the signal at level of the sensory vesicle, black arrow the intermediate signal at level of the visceral ganglion and white arrow the more
posterior signal in the caudal nerve cord. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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precursors in the same cells also expressing Neurogenin (Fig. 4K,
yellow arrowheads). At level of the anterior neural plate, Neurogenin
shows a wide expression in four bilateral cell groups while Onecut is
restricted to the central region, between the Neurogenin expressing
cells (Fig. 4K). At late neurula stage (4P) the two genes are perfectly co-
expressed in the visceral ganglion and caudal nerve cord precursors
while in the future sensory vesicle they still present different regions
of expression and there are only few cells that co-express both genes
that seem to represent the photoreceptor cell precursors (Fig. 4O, pink
arrowheads). At early tailbud stage (4T), themerge images obtained by
confocal microscopy demonstrated that these two genes are co-
expressed in almost all the Onecut territories at level of the future
sensory vesicle, visceral ganglion and caudal nerve cord, again with
the exception of two small areas in the most anterior part of the
nervous system corresponding to part of the future anterior sensory
vesicle (Fig. 4Q–S).
Only starting from middle tailbud stage it is possible to observe
a full co-localization of the two genes not only in the visceral
ganglion and dorsal nerve cord, but also in the anterior sensory
vesicle precursors, where in the previous stages there was only
Onecut (Fig. 5C, yellow arrowheads). At larva stage, it is possible to
observe an almost complete co-localization of the two genes in the
Onecut territories.
To better deﬁne the Onecut and Neurogenin co-localization in
the sensory vesicle we performed double in situ hybridization
experiments with the Arrestin probe as a speciﬁc marker for
photoreceptor cells. As shown in Fig. 5G–L, both genes show a
clear co-localization with the Arrestin probe at larva stage thus
demonstrating that at level of the sensory vesicle the Onecut and
Neurogenin genes are both expressed in the photoreceptor cells.
Neurogenin and Onecut bind and activate in vivo the
Onecut enhancer
In order to demonstrate that in vivo the Neurogenin and Onecut
transcription factors were able to recognize the corresponding
binding sites identiﬁed on the Fg sequence and consequently to
activate the Onecut expression, we induced the ectopic expression
of these two TFs in the notochord, a territory where normally they
are not expressed. We used two constructs called pBra–Onecut
and pBra–Neurogenin, in which the Onecut and Neurogenin coding
sequences were located under the control of the Brachyury
Fig. 3. Diagram of the transgenic constructs from F to FH and their expression. (A) Schematic representation of the regulatory sequences (black bars) tested in transgenic
embryos. Blue box, LacZ reporter gene. Checkered box, human β-globin basal promoter. (B) Representation of the reporter gene expression at tailbud and larva stages. “%”,
number of positive embryos; empty squares, absence of any signal; full colored squares reporter gene expression in all the positive embryos; squares with a colored dot, LacZ
expression in o50% of the positive embryos. e (green), ectopic mesenchyme; sv (red), sensory vesicle; t (yellow), tail; vg (violet), visceral ganglion. (C–F) LacZ reporter gene
expression driven by the FG (C, D) and FA (E, F) constructs at tailbud (C, E) and larva (D, F) stage. Dorso-lateral view of all the embryos, anterior is on the left. Red arrow
indicates the more anterior signal at level of the sensory vesicle, black arrow the intermediate signal at level of the visceral ganglion and white arrow the more posterior one
in the caudal nerve cord. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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promoter sequence (Corbo et al., 1997). Each of these constructs
has been co-electroporated together with the FG construct con-
taining the Fg regulatory sequence fused to the LacZ reporter gene.
We then tested in the transgenic embryos if the ectopic expression
of Neurogenin or Onecut in the notochord cells was able to activate
the LacZ expression of the FG construct. As a control we used the
Fig. 4. Double in situ hybridizations of Onecut and Neurogenin. (A–T) Double whole-mount in situ hybridization using Onecut and Neurogenin as probes from gastrula to early
tailbud stage. Yellow color in the merged images represents co-expression territories. (A–D) Gastrula stage. (E–H) Late gastrula. (I–L) Neurula stage. (M–P) Late neurula stage.
(Q–T) Early tailbud stage. The merged images (C, G, K, O, S) reveal that these two genes are co-expressed in most of the Onecut territories at level of the posterior part of the
future sensory vesicle, visceral ganglion and part of the posterior tail nerve cord with the exception of two small areas in the most anterior part of the nervous system
corresponding to part of the future sensory vesicle. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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pBra–RFP construct, in which the coding sequence of the Red
Fluorescence Protein was under the control of the Brachyury
promoter. This construct is able to drive the expression of the
ﬂuorescent gene, in 95% of embryos, in most of the notochord cells
(Fig. 6A and B).
As shown in Fig. 6, in 60% of transgenic larvae, both transcrip-
tion factors induce reporter gene expression in the notochord cells
thus demonstrating that these factors recognize binding
sequences on the Fg regulatory fragment and are sufﬁcient to
activate the gene located under their control (Fig. 6B, C, and E). In
order to demonstrate that the Ngn and OC binding sites identiﬁed
by the bioinformatic analysis were effectively the ones responsible
for Fg enhancer activation in the notochord cells, we performed a
mutational analysis on the Fg fragment. We made point mutations
in ﬁve nucleotides of the core sequences for Ngn and OC binding
sequences and prepared a series of constructs containing various
combinations of mutated binding sites (Fig. S2B).
Embryos co-electroporated with the pBra–Neurogenin con-
struct and the FG construct mutated in the Ngn binding site, FG
(NgnMut), did not show any LacZ expression in the notochord
cells, compared to the control (Fig. 6B–D).
In order to verify if also Onecut was able to recognize and to bind
in vivo its two binding sites, called OCa and OCb, the pBra–Onecut
construct was co-electroporated together with the FG plasmid
mutated in both OC sites. In this case we observed the complete
absence of any LacZ expression in the notochord cells (Fig. 6B and F).
We also performed co-electroporation experiments of the pBra–One-
cut construct together with the FG construct mutated in alternatively
one of the OC sites, FG(OCaMut) or FG(OCbMut), and we observed in
both cases a reduction of approximately 50% of LacZ expression and
not its total disappearance because of the presence of only one
mutated OC site but another one still active (data not shown). When
we co-electroporated the pBra–Onecut or pBra–Neurogenin constructs
together with the FG plasmid triple mutant in the Ngn and both OC
binding sites we did not observe any LacZ expression in the notochord
cells (Fig. 6B, G, and H). It is to note that the misexpression of
Neurogenin and Onecut in the notochord induces severe alterations in
its normal development. The ability of Neurogenin and Onecut to
induce ectopic expression of the LacZ reporter in the notochord cells
suggests that in vivo these two TFs are able to bind and to activate
Onecut enhancer and the similar results obtained with the FG(OCa-
Mut) and FG(OCbMut) constructs indicate that both these binding
sites are active and recognized with the same efﬁciency.
Neurogenin activates Onecut that in turn controls its maintenance
In order to analyze in detail the activity of the regulatory
elements contained in the Fg sequence in the Onecut endogenous
Fig. 5. Double in situ hybridizations of Onecut, Neurogenin and Arrestin. (A–F) Double whole-mount in situ hybridization using Onecut and Neurogenin as probes frommiddle tailbud
to early larva stage. Yellow color in the merged images represents co-expression territories. (A–C) Middle tailbud stage. (D–F) Early larva stage. The merged images (C, F) reveal that
these two genes are co-expressed in most of the Onecut territories at level of the whole future sensory vesicle, visceral ganglion and part of the posterior tail nerve cord. (G–I)
Double whole-mount in situ hybridization with Onecut and Arrestin at larva stage. (J–L) Double whole-mount in situ hybridization with Neurogenin and Arrestin at larva stage. (I, L)
Merged images show that both Onecut and Neurogenin colocalize with the Arrestin at larva stage. Edge of embryos in the merged images is highlighted with a thin white line.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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territories of expression, the same series of experiments with the
wild type and mutated FG constructs has been performed. It is
necessary to keep in mind that from late gastrula to early tailbud
stage, Neurogenin and Onecut show co-localization in the visceral
ganglion and in the tail nerve cord precursors but have separate
territories of expression in the anterior brain precursors. Only
starting from middle tailbud stage it is possible to observe a full
co-expression of the two genes also in the future sensory vesicle.
In order to understand the role of Neurogenin in Onecut activation
and maintenance, electroporation experiments with the different
FG mutated constructs were performed and their levels of
expression in the Onecut endogenous territories were analyzed.
Electroporation experiments with the FG(NgnMut) construct
demonstrated that at neurula stage the transgenic embryos do
not show any signal, thus suggesting that Neurogenin is necessary
for FG activation in the Onecut territories (Fig. 7C and D). Later in
development, at larva stage, about 40% of the transgenic embryos
showed a positive signal in the sensory vesicle and the tail, but not
in the visceral ganglion, in contrast to the 90% of positive larvae
obtained with the wild type FG construct (Fig. 7A, B, F, and E).
However, less than 50% of the total positive embryos showed LacZ
expression in all the three territories. In this case, a variety of
different combinations of expression was observed (represented
by squares with dots in the Fig. 7B), thus indicating a decrease in
FG efﬁciency. These results indicate that Neurogenin seems to be
the activator only in the visceral ganglion up to larva stage. Other
factor(s) are thus responsible for Onecut maintenance in the
sensory vesicle and in the tail nerve cord. To verify if also the OC
sites could have a functional role in the regulation of the
endogenous Onecut expression, we electroporated the constructs
mutated in the ﬁrst (OCa) or the second (OCb) Onecut binding site
and we observed that in both cases the 70% of embryos show an
expression of the reporter gene in the sensory vesicle, visceral
ganglion and tail, but only less than 50% showed the reporter gene
expression in the three territories at the same time, with less
efﬁciency with respect to the wild type FG (represented by squares
with dots in Fig. 7A, B, G, and H).
The reduced number of embryos showing expression of the
reporter gene in the Onecut endogenous territories, obtained with
the two OC mutated constructs, with respect to the control FG
transgenic larvae suggests that, after Neurogenin activation, both
the OC binding sites are important for the maintenance of its gene
expression. To verify this hypothesis we also electroporated all the
possible combinations of double and triple mutants in the sites for
Ngn and OC. Transgenic embryos electroporated with the double
mutant for Ngn and the ﬁrst OC (OCa), leaving wild type the
second OC site (OCb), did not show any expression of the reporter
gene in the territories of interest. Only 10% of embryos showed an
ectopic mesenchymal expression (Fig. 7A, B, and I).
To appreciate putative different efﬁciency between the two OC
sites, we conducted the same experiment using the construct
double mutant in the sites for Ngn and for the second OC site
(OCb). Also in this case we observed a complete absence of the
LacZ expression in the Onecut endogenous territories (Fig. 7A, B,
and J). The FG construct double mutant in both OC sites showed
the same expression proﬁle of the single OCa or OCb mutants in
Fig. 6. FG induced expression in the notochord cells of co-electroporated embryos. (A) Expression in the notochord cells of the pBra–RFP construct used as control. (B) The
table indicates the percentage of electroporated embryos with a positive signal and the number of notochord cells expressing the reporter gene. (C, E) Results of the
co-electroporation of the pBra–Onecut or pBra–Neurogenin construct together with the wild type FG construct in embryos at late tailbud stage. Ectopic expression in the
notochord cells of Neurogenin and Onecut induces FG expression in the notochord cells, indicating that both Neurogenin and Onecut are able to recognize and activate their
binding sites present on the Fg sequence. (F) When both OC binding sites are mutated, there is no notochord cell expressing the LacZ gene even if it is partially visible in the
Onecut endogenous territories, arising from the FG construct alone. (G–H) When all the three Ngn and OC binding sites are mutated, LacZ gene expression is completely
absent from both the notochord cells and the Onecut endogenous territories.
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Fig. 7. Diagram of the constructs used for mutational analysis and their expression. (A) Schematic representation of the constructs mutated in the Ngn and/or OCa and OCb
binding sites. Non-coding sequences are represented by black bars. LacZ reporter gene is represented by a blue box. Checkered box indicates the human β-globin basal
promoter. Ngn and OC binding sites are represented by black boxes and circles respectively. The red “X” indicates that the corresponding binding site is mutated.
(B) Representation of the results obtained at larva stage. The number of embryos showing reporter gene expression is indicated by a percentage value. Empty squares
indicate absence of any signal. Full colored squares indicate reporter gene expression in the corresponding territory. Squares with a colored dot indicate that less than 50% of
positive embryos show LacZ expression in the corresponding territory. e (green), ectopic mesenchyme; sv (red), sensory vesicle; t (yellow), tail; vg (violet), visceral ganglion.
(C–L) LacZ reporter gene expression driven by the control FG (C, E) and FG mutated constructs (D, F–L) at neurula (C–D) and larva stage (E–L). Anterior is on the left and on a
dorso-lateral view. Red arrow/arrowhead indicates the signal at level of the sensory vesicle, black arrow/arrowhead the intermediate signal at level of the visceral ganglion
and white arrow/arrowhead the more posterior one in the caudal nerve cord. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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the sensory vesicle and tail (Fig. 7A, B, and K). In this case, a
reduced number of embryos, only 42%, had a positive signal with
respect to the 70% of positive embryos obtained with the single OC
mutants (Fig. 7A and B).
Larvae transgenic for the FG triple mutant in the Ngn and the two
OC binding sites, the FG(Ngn–OCa–OCbMut) construct, showed a total
absence of the reporter gene expression. These data suggest that in all
FG territories, after Neurogenin activation, Onecut itself participates,
together with Neurogenin, to its maintenance.
Moreover, the mutational analysis not only indicates that all
the three identiﬁed binding sites (Ngn, OCa and OCb) are neces-
sary for Onecut activation in its endogenous territories but also
that a cooperation between the two OC sites for the maintenance
of its expression exists. It must be remembered that the only
exception is the most anterior territory of Onecut expression at
neurula stage, which seems to be under the control of another,
unknown, factor whose binding site(s) is not present in the Fg
fragment and is located somewhere else in the genome.
In order to verify in vivo the functional connection between
Neurogenin and Onecut and the ability of Neurogenin to inﬂuence
Onecut endogenous expression, we over-expressed a constitutively
activator (Ngn–VP16) or a constitutively repressor (Ngn–WRPW)
form of Neurogenin in the whole nervous system. To this aim we
used the regulatory sequence of the Etr gene, a marker of all the
nervous system starting from the 110-cell to larva stage (http://
aniseed-ibdm.univ-mrs.fr/). Since the middle tailbud was the
relevant stage to understand the functional relationship between
Ngn and OC, we performed the experiments on transgenic
embryos at this embryonic stage. The Etr enhancer is active
throughout the CNS of Ciona embryos (Fig. 8A). Whole mount
in situ hybridization experiments for Onecut on control embryos
and on embryos co-electroporated with the constitutive activator
construct (Etr–Ngn–VP16) together with the Etr–GFP construct
revealed that in 65% of the Etr–Ngn–VP16 embryos, there is the
presence of a strong and elongated Onecut signal extending
from the sensory vesicle through the visceral ganglion and part
of the neural tube (Fig. 8B and C). Furthermore, 10% of embryos
co-electroporated with the constitutive repressor construct
(Etr–Ngn–WRPW) together with the Etr–GFP construct did not show
any Onecut endogenous expression (Fig. 8D), while 50% of the
embryos showed a signiﬁcant reduced signal (data not shown).
Therefore, experiments with the Neurogenin morpholino also led to
the complete disappearance of Onecut expression from middle
tailbud to larva stages (Yutaka Satou personal communication and
Imai et al., 2009). These results demonstrate a functional connection
between Neurogenin and Onecut. Even if Neurogenin is not respon-
sible for early Onecut activation in the most anterior region of
the neural plate, it acts as a transcriptional activator in all Onecut
territories starting from middle tailbud stage and it is also necessary,
together with Onecut itself, to maintain Onecut endogenous
expression.
All together our results suggest that at neurula stage an
unknown factor is responsible for Onecut activation in the most
anterior cells of the sensory vesicle precursors and that Neuro-
genin is responsible for its activation in all the other territories.
Starting from middle tailbud stage Neurogenin becomes the only
activator and is involved in Onecut maintenance together with a
Onecut autoregulatory mechanism.
Discussion
The expression pattern of Onecut genes is highly conserved in
invertebrates and vertebrates but the regulatory networks in which
they are involved are still largely unknown. In D. melanogaster, the
single Onecut homolog has been demonstrated to have a direct role in
the central and peripheral nervous systems and it has been described
to have a role in the formation of photoreceptors (Nguyen et al., 2000).
In vertebrates various members of the Onecut family have been
identiﬁed, expressed in different regions of the nervous system and,
in particular, in the retina and pineal gland (Hong et al., 2002; Landry
et al., 1997) but their speciﬁc function has not been uncovered
Fig. 8. Onecut expression in transgenic embryos over-expressing perturbed forms of Neurogenin. (A) A bright-ﬁeld/ﬂuorescent image of GFP expression driven by the Etr
promoter at the middle tailbud stage. Transgene expression occurs throughout the nervous system. (B–D) Whole-mount in-situ hybridization of Onecut expression on control
embryos Etr–GFP (B), over-expressing the active form Etr–Ngn–VP16 (C) and the repressor form Etr–Ngn–WRPW (D). (C) The active Etr–Ngn–VP16 construct induces
extended Onecut expression along the sensory vesicle, visceral ganglion and part of the nerve cord while (D) the repressor Etr–Ngn–WRPW construct down-regulates
endogenous Onecut expression. cen, caudal epidermal neurons; nt, neural tube; p, palps; sv, sensory vesicle; vg, visceral ganglion.
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probably because of gene redundancy. Mice knockout for one or two
Onecut gene copies showed defects and alterations only in liver and
pancreas (Jacquemin et al., 1999; Vanhorenbeeck et al., 2002), or in
speciﬁc populations of motorneurons (Audouard et al., 2012), but not
in other regions of the nervous system where the presence of a third
gene copy seems to hide their role. To avoid this problem of gene
redundancy we studied the Onecut genetic cascade in the ascidian
C. intestinalis, a simple model organism considered the closest relative
of vertebrates (Delsuc et al., 2006). Onecut appears conserved within
tunicates (H. roretzi; Sasakura and Makabe, 2001). A previous study
already demonstrated a correlation between Rx and Onecut genes and
demonstrated the role of Onecut as a direct activator of Rx expression
in ocellus and photoreceptor cell precursors (D’Aniello et al., 2011).
Furthermore, by morpholino experiments, it has been shown that
Onecut controls Chox10 and Irx genes (Imai et al., 2009). These genes
seem to be implicated in retina and photoreceptor development in
zebraﬁsh and mouse embryos (Katoh et al., 2010; Leung et al., 2008).
Photoreceptor cells of C. intestinalis have morphological, phy-
siological and molecular characteristics similar to those of verte-
brates (D’Aniello et al., 2006; Gorman et al., 1971). Shedding light
on the function of the photosensitive system of ascidians could
greatly promote the understanding of the origin and evolution of
the more complex vertebrate eye.
In order to deﬁne Onecut genetic cascade, we extensively
characterized the Onecut upstream cis-regulatory DNA and factors
responsible for its expression in the nervous system.
Identiﬁcation of a Onecut minimal enhancer
A 3 kb fragment located upstream of the Onecut coding
sequence was able to activate the expression of the reporter gene
in the nervous system in almost all territories of the endogenous
Onecut transcript (Figs. 1A and B and 2A–H). In particular, a
detailed comparison of the expression proﬁle of this construct
with that of the endogenous Onecut showed that at neurula and
early tailbud stages the K fragment recapitulates Onecut expres-
sion in the visceral ganglion, in the posterior neural precursors
and in part of the future sensory vesicle but lacks any expression in
its most anterior part in a few cells that show the endogenous
Onecut (Fig. 2A–D, red arrowheads). Starting from the middle
tailbud stage up to larva stage, the K regulatory region is able
to fully recapitulate Onecut expression proﬁle (Fig. 2E–H).
These results clearly indicate that the K region contains almost all
the regulatory elements responsible for Onecut activation during
embryonic development. It only seems to lack the element(s) that
control Onecut expression in the more anterior brain precursors in
the early phases from gastrula to early tailbud stage. This element
has, hence, to be located somewhere else in the genome outside the
3 kb region we analyzed.
In order to characterize the Onecut regulatory elements con-
tained in the K fragment, a series of progressively deleted
fragments were assayed at various stages of embryonic develop-
ment. This analysis has led to the identiﬁcation of a 311 bp
fragment (F construct) able to completely reproduce the expres-
sion proﬁle of the K fragment (Figs. 1A and B and 2M and N). To
better narrow the regulatory complex contained in this region, the
F fragment has been further subdivided into smaller and partially
overlapping fragments (Fig. 3A and B). As shown in Fig. 3 the FG
construct is the only one able to reproduce the Onecut endogenous
expression (Fig. 3A–D). It is notable that the Fa fragment, lacking
58 bp at the 30 end, has a very reduced expression in all speciﬁc
territories (Fig. 3A, B, E, and F). This indicates that more than one
element should be responsible for Onecut activation in the nervous
system and that at least one element has to be located in the Fa
fragment and another in the 58 bp region at the 30 end of the Fg
fragment. Furthermore, considering that all the other fragments
(Fb, Fc, Fd, Fh) do not show any expression it seems that these
elements are all necessary and need to cooperate for Onecut full
expression in the nervous system. In conclusion, this analysis
permitted us to slightly reduce the area of interest to the 262 bp of
the Fg fragment. For this reason the next step was the in silico
analysis of the Fg fragment in order to identify putative binding
sites for known transcription factors that may be responsible for
Onecut activation.
Cross and auto regulatory loops control Onecut expression
The 262 bp sequence of the Fg fragment was subjected to
bioinformatic analysis using the Genomatix software, and among
all the putative binding sites three of them were considered of
special interest. In particular, one Neurogenin and two Onecut
binding sites were identiﬁed (Fig. S2). In Ciona embryos, Neuro-
genin is expressed in the visceral ganglion precursors at gastrula
stage, before Onecut activation (Fig. 4A–D). Developmental pro-
gression from late gastrula to early tailbud stages, other signals of
Neurogenin appear in the more anterior and posterior parts of the
nervous system. Interestingly these signals perfectly recapitulate
the corresponding ones of Onecut except for in the most anterior
part of the future sensory vesicle (Fig. 4E–H). Only starting from
middle tailbud stage the two genes perfectly overlap (Fig. 5A–F).
This recapitulates the results obtained with the electroporation of
the K construct, thus supporting the possible involvement of
Neurogenin in the control of Onecut expression. Furthermore, it
was already known that the morpholino against Neurogenin
causes, at tailbud stage, the complete shutdown of the Onecut
gene in all its expression territories (Yutaka Satou personal
communication; Imai et al., 2009). Together, these results seem
to indicate involvement of Neurogenin in Onecut activation in the
early phases of embryonic development, and in Onecut mainte-
nance in the later stages.
The two Onecut binding sites could be involved in an auto-
regulatory loop responsible for Onecut maintenance. In addition,
looking at the position of these binding elements it has to be noted
that only the Fg fragment contains all three sites (Figs. S2 and 3A)
and Fg is effectively the only fragment that fully reproduce this
expression proﬁle (Fig. 3B). Again, if we consider Neurogenin as
the enhancer activator, this could explain why the Fb, Fc, Fd and Fh
fragments that lack this integral binding site do not show any
speciﬁc expression (Fig. 3A and B).
Finally, the partial expression of the Fa fragment (Fig. 3A, B, E,
and F) could be explained by the presence of the Ngn binding site
and of only one OC site. The reduced efﬁciency and reduced
number of positive embryos compared to the control FG could
be due to the absence of the second OC site, which, after
Neurogenin activation, cooperate with the ﬁrst one for the main-
tenance of the gene expression.
In order to validate this hypothesis, the involvement of these
three binding sites in Onecut regulation has been demonstrated.
The binding speciﬁcity between the Neurogenin or Onecut factors
and their binding sites was analyzed through the ectopic expres-
sion of Neurogenin or Onecut in the notochord cells together with
the wild type or mutated FG constructs. These experiments high-
lighted that when Neurogenin is translated in an ectopic tissue it is
able to recognize the binding site present in the wild type Fg
sequence and to induce LacZ expression in the notochord cells
(Fig. 6C). On the contrary, mutation of the Ngn site in the FG
construct abolishes ectopic activation of the Fg enhancer in the
notochord cells (Fig. 6D).
The electroporation of the Onecut protein in the notochord
cells, together with the FG construct mutated in alternatively the
ﬁrst or the second OC binding site showed highly reduced ectopic
expression when compared to that obtained with both wild type
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OC sites (data not shown). Thus indicating that also Onecut is
effectively involved in its regulation. Furthermore, the observation
of identical phenotypes obtained with the mutation of the ﬁrst or
the second OC site indicates that they are recognized with the
same efﬁciency.
These results demonstrate that Ngn and OC are both active on
the Fg regulatory sequence and are able to activate ectopic
expression of the reporter gene. Furthermore, the inability of
Onecut or Neurogenin to activate any reporter gene expression
in the notochord when the Fg element was mutated in both OC or
Ngn sites respectively or in all the three Ngn and OC sites (Fig. 6D,
F, G, and H) clearly indicates that these are the only binding sites
recognized and activated by these transcription factors. Hereafter,
to demonstrate that this activity is also operative on the endo-
genous regulatory sequences of Onecut, we performed two differ-
ent sets of experiments. In the ﬁrst set, the same wild type and
mutated Fg fragments have been tested for their expression in the
endogenous territories of Onecut.
These experiments showed that when the Ngn BS is mutated,
the expression of LacZ at neurula stage is completely lost in the
sensory vesicle, visceral ganglion and tail (Fig. 7C and D). This
result demonstrates the fundamental role of Neurogenin as
transcriptional activator of the Onecut enhancer in all its terri-
tories. Later on in development, at larva stage, the percentage of
positive embryos is drastically reduced in comparison to the FG
control, but not completely lost (Fig. 7A, B, E, and F). The limited
expression of the reporter gene only in the sensory vesicle and the
caudal nerve cord, and the low percentage of positive embryos
(Fig. 7A and B) can be explained by the presence of the OC sites
recognized by the endogenous Onecut protein.
Comparing FG constructs with intact or mutated OC sites, we
found that constructs in which the OC sites were mutated
exhibited a lower percentage of transgenic activation (Fig. 7A, B,
G, and H). The analysis of the double mutant phenotypes has
shown that if Ngn and alternatively one of the OC sites are
mutated there is no expression of the reporter gene in the Onecut
territories (Fig. 7A, B, I, and J).
All together these results suggest that all three identiﬁed
binding sites are efﬁcient and necessary for endogenous Onecut
gene regulation, and that, once activated by Neurogenin, an
autoregulatory mechanism maintains Onecut expression in its
endogenous territories and ﬁnally, that the two OC sites are
equally efﬁcient and a cooperation exists between these two sites
for the maintenance of the gene expression.
In the second set of experiments, we induced expression of a
constitutively active or repressor form of Neurogenin in the whole
nervous system and assayed the variation levels of the endogen-
ous Onecut. Interestingly, we observed that the repressor form
of Ngn leads to the complete disappearance of Onecut expression
in a signiﬁcant number of embryos at middle tailbud stage (Fig. 8B
and C). This result also conﬁrms the data from Imai et al. (2009)
wherein a morpholino against Neurogenin causes complete Onecut
disappearance. The over-expression of a Neurogenin active pro-
tein, in contrast, enhanced Onecut ectopic expression in the
sensory vesicle, visceral ganglion and part of the nerve cord
(Fig. 8B and D), thus conﬁrming the functional connection
between Neurogenin and Onecut.
Double in situ hybridization experiments with Neurogenin and
Onecut genes have allowed us to “ﬁne-tune” the proposed
mechanism of regulation further conﬁrming the hypothesis that
Neurogenin is responsible for Onecut activation, and then, at later
stages both Neurogenin and Onecut itself control the maintenance
of expression. At early stages when Onecut starts to be expressed,
the two genes almost entirely co-localize (Fig. 4E–P), with the only
exception being the most anterior sensory vesicle precursors. At
later stages, from early tailbud to larva stages, this co-localization
is still evident, although Neurogenin expression is more expansive
than that of Onecut (Figs. 4Q–T and 5A–F).
From gastrula to neurula stages Neurogenin precedes Onecut
and starts to be expressed in the visceral ganglion precursors just
before the appearance of Onecut in the corresponding cells
(Fig. 4A–L). The same occurs in the caudal nerve cord precursors
where at late gastrula Neurogenin begins to be expressed and soon
after Onecut appears (Fig. 4E–K). At these early stages a differential
expression of the two genes is evident in the anterior part of the
neural plate. Onecut, but not Neurogenin, is expressed in the most
anterior precursors of the sensory vesicle. It is interesting to note
that all the regulatory fragments tested in this work do not show
any expression in this territory, thus suggesting the existence of
one or more unknown factor(s) responsible for this stage speciﬁc
expression whose corresponding binding sites are not included in
the regulatory region we analyzed. At late neurula stage both
Neurogenin and Onecut are co-localized in the sensory vesicle
precursors but it is necessary to wait until the middle tailbud stage
to observe the full co-expression of the two genes in this territory
(Figs. 4M–T and 5A and B). This data support the hypothesis that
Neurogenin could be responsible for Onecut activation in all its
territories from middle tailbud stage.
These results, together with the double in situ hybridization
experiments with the Arrestin probe as a photoreceptor cell
marker, demonstrated that during Ciona embryonic development
Onecut co-localizes with Neurogenin and that both genes are
expressed in photoreceptor cell precursors. Furthermore, the
Onecut gene has been identiﬁed as the direct upstream regulator
of the Rx gene (D’Aniello et al., 2011) and hence an important role
for the Onecut/Rx cascade in ascidian ocellus and photoreceptor
cell formation can be hypothesized.
In any case it is important to note that Onecut expression
includes other territories of the nervous system at level of the
visceral ganglion and caudal nerve cord, thus suggesting that
Onecut gene function is not restricted to photoreceptor cell
development but also plays additional roles in the formation of
the central nervous system.
Conclusions
A series of complex and intriguing mechanisms are at the basis
of vertebrate eye development. The understanding of the mole-
cular mechanisms that underlie the complex regulatory networks
that coordinate the processes of vertebrate eye development is a
fundamental goal. Various molecular and functional studies
revealed the existence of conserved genetic cascades between
ascidians and vertebrates eye (ocellus) development. Shedding
light on the function of the photosensitive system of ascidians
could greatly promote the understanding of the origin and evolu-
tion of the more complex vertebrate eye.
Interestingly, it has been shown that in mice OC1/HNF-6 is
responsible for OC3 expression in the endoderm thus revealing the
presence of a cross-regulatory cascade between these two para-
logous genes (Pierreux et al., 2004). In a similar manner, here we
demonstrate that an autoregulatory loop exists in Ciona respon-
sible for the maintenance of Onecut expression. Further studies on
other vertebrate species and on the regulatory mechanisms that
control the expression of various Onecut genes in vertebrate
nervous systems is necessary to establish if the Ciona autoregula-
tory loop has been conserved during evolution and is related to
the cross-regulatory mechanism demonstrated in mice.
Furthermore, we also demonstrate that Neurogenin is respon-
sible for Onecut activation and thus for the ﬁrst time we establish a
direct connection among Neurogenin, Onecut and Rx transcription
factors in photoreceptor cell formation.
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Photoreceptor cells of C. intestinalis have morphological, physio-
logical and molecular characteristics similar to those of vertebrates
(D’Aniello et al., 2006; Gorman et al., 1971) and for this reason it
would be interesting to investigate if this regulatory network that
we highlighted in Ciona embryos is also conserved in vertebrate eye
formation.
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